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PrimatesPOTE gene family is tightly related to prostate, ovary, testis and placenta cancers. We recently identiﬁed an
intronic long inverted repeat (LIR) in some members of the POTE gene family. Due to the capacity of
inducing gene ampliﬁcation, the POTE intronic LIRs may be involved in over-expression of the POTE genes.
Our study aimed to understand the origin of the LIR in primates. We collected the LIR and its ﬂanking
sequences within rhesus monkey, chimpanzee and human genomes. The rhesus monkey genome only has
half-sized LIRs (lack one repeat copy), whereas the human and chimpanzee genomes contain both full-
sized and half-sized LIRs. Phylogenetic tree indicates that the LIR is formed after divergence of rhesus
monkey and the common ancestor of human and chimpanzee. The POTE genes containing a full-sized LIR
were ampliﬁed in the human genome.© 2009 Elsevier Inc. All rights reserved.Introduction
Recently, the structure and function of a primate-speciﬁc gene
family POTE (expressed in prostate, ovary, testis, and placenta) are
reported [1,2]. In humans, it consists of 11 highly homologous
members, located on 7 different chromosomes [2]. The gene family
attracted much attention because the novel genes are not only
speciﬁcally expressed in normal prostate, ovary, testis and placenta,
but also in many cancer tissues [1,3]. In other normal tissues, the
expression of the POTE genes is undetectable, enabling them to be
subjected to tests for immunotherapy of prostate cancers [3]. The gene
members can be classiﬁed into: group 1 (POTE 8α, 8β), group 2 (POTE
15, 18 and 21) and group 3 (POTE 2α, 2β, 2β', 2γ, 2δ, 14α, 14β and 22),
with respect to similarity [2,4]. The proteins encoded by the gene
family are in the range of 32 to 80 kDa [2]. They are found on the inner
aspect of plasmamembrane and suggested to act in signaling pathway
in the reproductive system [2]. Probably due to the loss of stop codons,
POTE 2α, 2β, and 2γ encode chimeric POTE–actin, a fusion protein of
POTE and actin [5].
Although the gene family was well characterized, the variance in
introns had not yet been surveyed. In our previous work, a long
inverted repeat (LIR) in the intron between exon 10 and exon 11
was identiﬁed [6]. The full-sized structure of the LIR only presents
in group 3 of the POTE gene family, and the members in other
groups lack one arm (one repeat copy of the LIR) of the LIR. This
ﬁnding suggests its potential causal role in making the variants
within the gene family.
In this study, we performed bioinformatic tests aiming to compare
the LIRs in primates. We collected the LIRs (no matter full or half-.
ll rights reserved.sized) and their ﬂanking sequences in human, chimpanzee (Pan
troglodytes) and rhesus monkey (Macaca mulatta) genomes. All the
collected sequences in rhesus monkey genome have only one arm of
the LIR. Phylogeny of the sequences indicates that the ancestral
sequence resides on chromosome 8 and the full structure of the LIR
was developed in POTE genes belonging to the group 3 in the common
ancestor of chimpanzee and human.
Results
POTE22 gene was found in the pericentromeric region of human
chromosome 22. An LIR was located in the last intron, 163 bp to the
last exon. The stem of the LIR is in length of 60 bp and the loop is
formed by 10 nt (Fig. 1). There are two mismatches in the stem part
and thus the matching rate of the stem is 96.7%. Aside from POTE22
genes, other POTE genes from the group 3 also contain the LIR at
the same site. We therefore found eight POTE LIRs in the human
genome, one on chromosome 22, two on chromosome 14 and ﬁve
on chromosome 2. Intriguingly, the human genome also contains
half-sized POTE LIRs that lack one arm of inverted repeat. We
identiﬁed three such LIRs on human chromosome 7 and ﬁve within
POTE genes belonging to the groups 1 and 2 (Fig. 2). The result of
multiple alignment demonstrates that the half-sized LIRs retain one
arm of about 46 nt, and a small inverted repeat of 22 nt is also
missing (Figs. 1 and 2). For the half-sized LIRs on the chromosome
7, the major difference is an insertion of 14 bp in the arm and they
are not within introns of POTE genes. Moreover, the regions have
not been assigned with any genes at present version of human
genome annotation.
In chimpanzee and rhesus monkey genomes, we identiﬁed nine
and four homologous sequences respectively. The full structure of the
LIR was observed in two chimpanzee chromosomes, but none in the
Fig. 1. LIR in POTE 22 on the human chromosome 22. Legend: The POTE22 gene was
located at centromere of the human chromosome 22, and an LIR was found in the last
intron of the gene. The half part of the stem in a bracket and the small stem-loop in a
frame are missing in the genes with a half-sized LIR.
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and ANKRD26-like genes (Table 1). The chimpanzee POTE genes
containing the two full-sized LIRs were highly similar to POTE2α,
belonging to the group 3 as well. It seems that the full-sized LIRs are
restrictedly located in the group 3 of POTE family. Therefore, the
difference in the number of the LIRs between chimpanzee and human
is ascribed to the size of the group 3.
To conﬁrm the difference in the LIR structure, we studied the
sequence conservation at the ﬂanking positions of the LIRs. In total,
the extension of the sequence alignments to upstream and down-
stream was more than 500 bp, and the similarity between the
sequences was between 83% and 100%. The average of the similarities
obtained from pairwise comparisons was 91% with a standard
deviation of 3.7%.
The homologous sequences from the three primate species were
used to reconstruct a phylogenetic tree using maximum likelihood
algorithm. The result shows that the sequences on orthologous
regions between the three primate genomes tend to be located in the
same clade (Fig. 3). Four major clades could be visualized on the
phylogenetic tree, including those containing sequences on 1)
chromosome 8; 2) chromosome 7; 3) chromosomes 15, 18 and 21;
and 4) chromosomes 2, 14, and 22. The exceptional cases were the
sequences from rhesus monkey chromosomes 3, 8 (located near
44.5 Mb), and 10 (Fig. 3). The classiﬁcation of the sequences on the
basis of the phylogenetic relationship is in accord with the grouping of
the human POTE family if the sequences on the chromosome 7 could
constitute a potential group.Discussion
In this study, we show that the evolution of POTE gene family is
accompanied with sequence variations in introns. The group 3 of the
POTE family, which encodes POTE–actin fusion proteins and is
believed to be derived from groups 1 and 2 [4,5], possesses an LIR in
the last intron. The LIR is able to form a large stem-loop and perhaps
plays an important role in expression variation and/or the evolution
of the group 3.
The LIR might be functional in the following processes. Reports
show that inverted repeats adjacent to exons may affect alternative
splicing of exons [7–9] or knock-out efﬁciency of introns [10,11].
Considering the short distance to the last exon, the LIRs in POTE genes
are probably important in inclusion of the last exon in mature mRNA,
or have a certain linkage with the chimeric POTE–actin fusion.
Moreover, the LIRmight be an intronic stem-loop prepared for Dicer to
cut into miRNA. According to recent progress in RNA interference,
miRNAs were often identiﬁed in introns [7–9]. The spliced-out introns
from an mRNA can be recruited by Dicer and processed into 20–22 nt
miRNAs [12,13]. At present, we do not know if the LIR is used to
produce miRNA for gene silencing. However, the possibility cannot be
precluded.
Inverted repeats are motifs capable of inducing genome instability
such as gene ampliﬁcation, recombination and fragment reshufﬂing
[14–17]. Palindrome structures are widespread in cancer cells,
providing platform for gene ampliﬁcation [18,19]. The LIR is able to
further mediate ampliﬁcation of POTE genes, probably accounting for
over-expression of the POTE genes in cancer tissues [3]. Moreover, the
POTE intronic LIR can potentially conduct duplication of exons because
LIRs are motifs capable of inducing fragmental duplication [14–16,20].
Experimental works are required for understanding of the role of the
intronic LIR.
Multiple sequence alignment in the present report indicates that
the LIR was developed by inversely duplicating one arm of the LIR on
chromosome 2, 14 or 22. In current assembly of rhesus monkey
genome, we could not locate the full-sized LIR. This suggests that it
was acquired by the common ancestor of chimpanzee and human,
corresponding to the emerging of the POTE genes of group 3 [4,5].
In this study, the phylogenetic relationship on the basis of the
intronic regions is consistent with the conclusion in previous reports
using the exons of POTE genes [4,5]. The ancestral POTE gene was
considered to be located on chromosome 8 [4], which is in agreement
with our hypothesis for the origin of the LIR. Moreover, closer
relationship between the sequences on the same chromosomes was
shown in our phylogenetic tree. This suggests that the distribution of
the POTE genes except those in the group 3 had been ﬁxed in the
common ancestor of rhesus monkey, chimpanzee and human. Our
results showed that the spreading of the full-sized LIR on chromo-
somes 2, 14 and 22 was conﬁned in chimpanzees and humans.
Therefore, the ﬁrst LIR should be formed in one of the three
chromosomes. Interestingly, ﬁve POTE genes on human chromosome
2 are concentrated in a small pericentromeric region, implying a rapid
spread on this chromosome. The subtelomeric regions of the human
chromosome 2 is a well-known recombination hotspot and, as a
result, contains signiﬁcantly more duplicated copies compared to
chimpanzee counterpart [21]. Thus, the spreading of the POTE genes
in this region is probably by means of recombination. In view of
evolution, this is perhaps a process of positive selection of duplication
of the POTE gene associated with a LIR, and indicates a speciﬁc,
functional role of the POTE genes in chimpanzees and humans. Like
the POTE genes, the ancestral half-sized structure is probably primate-
speciﬁc as well, because we could not ﬁnd it in other mammals.
LIRs in genomes are generally derived from stretches of simple
repeats, reversely-arranged repetitive elements, microRNA genes, or
singlet retrotransposons with terminal inverted repeats. For those in
very low frequency in a genome, we can hardly clarify how they are
Fig. 2. Alignment of primate sequences containing POTE intronic long inverted repeats (LIR). Legend: The arrows indicate the arms (repeat copies) of an LIR. The internal spacer of the
LIR is within the shadowed part of the alignment. The shadowed sequences are the small inverted repeats supposed tomediate the formation of the LIR. The framed part containing 6
nucleotides is identical to the right arm of the small inverted repeats. The sequences labeled with chr2-1 to chr2-5 are within human POTE2α, 2β, 2β', 2γ, and 2δ respectively. The
sequences from human POTE14α and 14β are labeled as chr14-1 and chr14-2. Chimp_chrUn: 33420777–33421349 and Chimp_chrUn: 4820051–4820688 were denoted by
Chimp_chrUn_1 and Chimp_chrUn_2 respectively. These sequences along with that on the chromosome 22 are within introns of POTE genes belonging to the group 3. The
approximate positions of the others sequences can be inferred from Table 1.
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in the genomes. On the basis of multiple alignment, we propose a
mechanism for the formation of the intronic LIR.
At the left boundary of the LIR, we found that a hexanucleotide,
ATTCCT, is identical to the right arm of a small inverted repeat at the
center of the LIR (Fig. 2). Therefore, a probability is that the
involvement of the small central inverted repeat is important to theacquisition of the LIR. But the source of the small inverted repeat is
enigmatic. The hypothetical process, although far-fetched, is as shown
in Fig. 4. The DNA sequence is broken at the site of the hexanucleotide,
creating single-stranded sticking ends in size of six nucleotides. A
small stem-loop DNA sequence lands on one of the single-stranded
ends, followed by extension of the stem-loop structure using the
broken DNA as template. At the end of the extension, the stem part is
Table 1
Position identity(%) gene
Human_chr22:14636528-14637165⁎ - POTE22 (POTEH)
Human_chr14:18654109-18654746⁎ 99.7 POTE14α (POTEG)
Human_chr14:19058890-19059527⁎ 99.6 POTE14β (POTEM)
Chimp_chrUn:4820051-4820688⁎ 99.1 POTE2α-like
Human_chr2:132099495-132100130⁎ 97.4 POTE2δ (POTEK)
Human_chr2:131736911-131737547⁎ 96.6 POTE2γ (POTEE)
Human_chr2:130549466-130550104⁎ 96.1 POTE2α (POTEF)
Chimp_chr2b:131008694-131009330⁎ 95.9 POTE2α-like
Human_chr2:130938038-130938674⁎ 95.8 POTE2β (POTEI)
Human_chr2:131130201-131130741⁎ 95.5 POTE2β’ (POTEJ)
Chimp_chr21:13739392-13739885 91.6 ANKRD26-like
Human_chr18:14501835-14502413 91.5 POTE18 (POTEC)
Human_chr21:13935116-13935686 91.5 POTE21 (POTED)
Chimp_chr18:1923944-1924436 91.4 POTE-like
Chimp_chr15_random:1350785-1351311 91.2 -
Human_chr15:19305335-19305905 91.1 POTE15 (POTEB)
Human_chr7:39873635-39874219 90.9 -
Chimp_chr7:57741127-57741704 90.3 -
Human_chr7:56459675-56460259 90.3 -
Human_chr7:55711150-55711734 90.2 -
Rhesus_chr10:59014508-59015049 90.1 POTE15-like
Human_chr8:48120445-48121024 89.9 POTE8β
Chimp_chr8:40150261-40150833 89.7 ANKRD26-like
Rhesus_chr8:49629161-49629733 89.5 ANKRD26-like
Chimp_chr8:44990924-44991503 89.2 -
Chimp_chrUn:33420777-33421349 89.2 -
Rhesus_chr3:70635469-70636045 89.2 ANKRD26-like
Rhesus_chr8:44492492-44493061 88.8 POTE-like
Human_chr8:43336831-43337400 87 POTE8α (POTEA)
The sequences are used to reconstruct a maximum-likelihood phylogenetic tree. The
POTE LIRs and the ﬂanking regions arewithin them. The identity between the sequence
in POTE22 and others is shown. The sequences with ⁎ contain the LIR in full length.
HGNC symbols for the human POTE genes are shown in parentheses.
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single-stranded ends at the broken site are repaired by DNA
replication and then merged together. As a result, the hypothetical
process yields inverted duplication of an intronic fragment and an
insertion of a foreign inverted repeat. Notably, the hexanucleotide is
not present in POTE genes that do not have the full-sized LIR (Fig. 2).
Materials and methods
Using the LIR sequence on the human chromosome 22, we
performed BLAT search in the UCSC browser (http://genome.ucsc.
edu). The LIR sequences were pooled in genomes of human (Build
36.2), chimpanzee (panTro2) and rhesus monkey (rheMac2), and
those with one arm were also kept in the dataset. Up- and down-
stream 500 bp sequences of the pooled sequences were extracted.
We applied ClustalW to make multiple alignment of the LIRs along
with the up- and down-stream sequences (http://www.ebi.ac.uk/
clustalw), followed by manual adjustment. The 500 bp upstream
and downstream sequences were cut off at the positions where
globally qualiﬁed alignment terminated, which was justiﬁed in case
that one of the sequences could not continue to match with the
remains for over three nucleotides. We therefore kept 312 bp
upstream sequences and 195 bp downstream sequences for the
POTE genes on the human chromosome 2, and the cut-off size is
more or less different for those on other chromosomes. If thesequences were not within known POTE genes, we used the
annotations in the UCSC and the NCBI to determine the genes.
Table 1 shows the details of the sequences in three primate
genomes. Reconstruction of maximum-likelihood phylogeny was
done by the dnaml in Phylip package 3.6 [22], and an unrooted tree
was drawn in MEGA3.0 [23].
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Fig. 3. Phylogeny of intronic long inverted repeats (LIR) in POTE genes. Legend: The phylogenetic tree was built with DNAml using maximum likelihood algorithm. The tree is a
bootstrap consensus tree based on 1000 replicates. The scale bar corresponds to 0.01 nucleotide substitution per site. The LIRs (regardless full-sized or half-sized) together with
approximate 312 bp upstream sequences and 195 bp downstream sequences were used for reconstruction of the phylogenetic tree. The sequences in shadowed clade have a full-sized
LIR. The chromosome locations of the sequences are based on human genome Build 36.2, chimpanzee genome panTro2 and rhesus monkey genome rheMac2.
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Fig. 4. Hypothetical formation of an intronic LIR. Legend: The region is the last intron of the POTE genes in group 3. The foreign small stem-loop is supposed tomediate the formation
of the intronic LIR. The stem and loop in the last step are depicted as the shadowed part of Fig. 2.
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